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Canonical Wnt signaling is emerging as a major regulator of
endocytosis. Wnt treatment markedly increased the endocytosis
and degradation in lysosomes of BSA. In this study, we report that
in addition to receptor-mediated endocytosis, Wnt also triggers
the intake of large amounts of extracellular fluid by macro-
pinocytosis, a nonreceptor-mediated actin-driven process. Macro-
pinocytosis induction is rapid and independent of protein
synthesis. In the presence of Wnt, large amounts of nutrient-rich
packages such as proteins and glycoproteins were channeled into
lysosomes after fusing with smaller receptor-mediated vesicles
containing glycogen synthase kinase 3 (GSK3) and protein arginine
ethyltransferase 1 (PRMT1), an enzyme required for canonical Wnt
signaling. Addition of Wnt3a, as well as overexpression of Di-
sheveled (Dvl), Frizzled (Fz8), or dominant-negative Axin induced
endocytosis. Depletion of the tumor suppressors adenomatous
polyposis coli (APC) or Axin dramatically increased macropinocy-
tosis, defined by incorporation of the high molecular weight
marker tetramethylrhodamine (TMR)-dextran and its blockage by
the Na+/H+ exchanger ethylisopropyl amiloride (EIPA). Macropino-
cytosis was blocked by dominant-negative vacuolar protein sort-
ing 4 (Vps4), indicating that the Wnt pathway is dependent on
multivesicular body formation, a process called microautophagy.
SW480 colorectal cancer cells displayed constitutive macropinocytosis
and increased extracellular protein degradation in lysosomes, which
were suppressed by restoring full-length APC. Accumulation of the
transcriptional activator β-catenin in the nucleus of SW480 cells was
inhibited by methyltransferase inhibition, EIPA, or the diuretic ami-
loride. The results indicate that Wnt signaling switches metabolism
toward nutrient acquisition by engulfment of extracellular fluids and
suggest possible treatments for Wnt-driven cancer progression.
macropinocytosis | arginine methylation | ESCRT | adenomatous polyposis
coli | Wnt-STOP
The canonical Wnt pathway signals through stabilization of thetranscriptional activator β-catenin, which is translocated into
the nucleus where it binds to the TCF/LEF transcriptional fac-
tors, activating Wnt target genes (1). In the absence of Wnt,
β-catenin is rapidly degraded by a destruction complex consisting
of the tumor suppressor proteins Axin and adenomatous poly-
posis coli (APC), and the enzymes casein kinase 1 (CK1) and
glycogen synthase kinase 3 (GSK3) that phosphorylate β-catenin,
generating a phosphodegron that is recognized by polyubiquitin
ligases leading to β-catenin degradation in proteasomes (2, 3).
The Wnt growth factor binds to its cell surface coreceptors LDL
receptor-related protein 6 (Lrp6) and Frizzled (Fz). Formation
of this trimeric complex recruits Dishevelled (Dvl) and Axin to
the plasma membrane in what is known as the Lrp6 signalosome
(4, 5). These receptor complexes are then internalized into the
cell and, as they enter the late endosome, are engulfed inside the
intraluminal vesicles (ILVs) of multivesicular bodies (MVBs)
(6). Lrp6, Fz, Axin, and Dvl are substrates of GSK3, and this key
enzyme is sequestered together with the receptor complex inside
MVBs. The invagination of ILVs in late endosomes is a normal
occurrence during membrane trafficking and is called micro-
autophagy, to distinguish it from macroautophagy which involves
the formation of double-membrane vesicles (7). Recent results in-
dicate that Wnt treatment strongly increases microautophagy (8).
Sequestration of GSK3 in vesicles is essential for Wnt signaling,
as demonstrated by blocking MVB formation by interfering with
the endosomal sorting complexes required for transport (ESCRT)
machinery (6). In addition to the stabilization of β-catenin, the
sequestration of GSK3 from the cytosol results in the stabilization
of many other GSK3 substrate proteins (9–12) in a process des-
ignated Wnt stabilization of proteins (Wnt-STOP) (9). It has also
been found that Wnt triggers arginine methylation of many pro-
teins through the activity of protein arginine methyltransferase 1
(PRMT1) (8, 13). Arginine methylation primes the phosphoryla-
tion of certain GSK3 substrates (8, 14) and is required for canonical
Wnt signaling (8). PRMT1 methylation is also required for the
earliest steps of BMP and TGF-β signaling (15, 16) and is therefore
emerging as an unexpected mediator of signal transduction.
Constitutive activation of the Wnt pathway is at the core of
many human cancers (1, 17). The majority of colorectal cancers
are initiated by loss-of-function mutations in the destruction
complex component APC, resulting in increased nuclear β-catenin
(18, 19). Familial adenomatous polyposis (FAP) is a disease
caused by inherited heterozygous truncations in APC. Patients
develop hundreds to thousands of benign polyps upon acquiring a
second-hit APC loss-of-function mutation (18, 20). These benign
polyps progress into colorectal cancer only after acquiring multiple
additional mutations, making the initial Wnt activation a prime
therapeutic target (18). Axin loss-of-function mutations are fre-
quent in hepatocellular and many other cancers (19). RNF43 and
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ZNRF3 are potent transmembrane ubiquitin ligases that down-
regulate Lrp6 and Fz receptors, leading to increasedWnt signaling
when mutated in cancers (21). Gain-of-function mutations that
stabilize β-catenin (CTNNB1), or translocations leading to over-
expression of R-spondin 2 or 3 (which are secreted antagonists of
RNF43 and ZNRF3) also cause cancer (21, 22). Therefore, the
identification of novel approaches that interfere with Wnt sig-
naling are of considerable medical interest, and recent experi-
ments point to endocytosis as a novel target.
In agreement with the initial discovery of the involvement of
late endosomes/MVBs in GSK3 sequestration (6), recent and
independent work from three different laboratories suggests that
one of the fundamental functions of canonical Wnt signaling is to
regulate the endocytic activity of the cell (8, 23, 24).
First, Albrecht et al. (8) reported that within minutes of Wnt3a
treatment there is a striking increase in the uptake of BSA-
dequenched (BSA-DQ) into lysosomes in a number of cultured
cell lines. BSA-DQ is a tracer that fluoresces only after being
digested by proteases within lysosomes. Wnt addition strongly
increased both endocytosis and lysosomal degradation of extra-
cellular protein (8). It was also found that the activity of protein
arginine methyltransferase 1 (PRMT1) was required for the se-
questration of GSK3 in MVBs and that GSK3 phosphorylation
of some substrates, such as the tumor suppressor Smad4, re-
quires prior methylation by PRMT1. As documented in the
movies in ref. 8, NIH 3T3 fibroblasts did not normally digest
extracellular proteins, but were induced to do so within minutes
of the addition of Wnt3a.
Second, Saito-Diaz et al. (23) discovered that the tumor sup-
pressor APC normally dampens Wnt/β-catenin signaling by
repressing the clathrin-dependent endocytic pathway. APC is a
microtubule-binding protein (25, 26) that also binds to clathrin
and its adaptor AP2 (23). APC knockdown induced the in-
ternalization of the Lrp6 receptor and triggered signaling in the
absence of Wnt ligand (23). Although changes in the endocytosis
of exogenous proteins were not examined in that study, the in-
hibition of the APC deficiency effects by blocking clathrin sug-
gested that a main effect of the loss of APC was to increase
clathrin-coated vesicle endocytosis (23).
Third, Redelman-Sidi et al. (24) analyzed the role of Wnt
signaling through a different approach, starting with the phago-
cytosis of Bacillus Calmette-Guérin (BCG), which is used as a
bacterial treatment for bladder cancer. They found that siRNAs
that increase Wnt signaling (such as knockdown of Kremen1 or
DKK1) resulted in increased BCG uptake due to an increase in
macropinocytosis. Phagocytosis and macropinocytosis are actin-
driven processes that share many common elements (27, 28).
Pinocytosis is drinking by cells while phagocytosis is eating by
cells. Pinocytosis was first identified by Lewis (29), who followed
the cellular uptake of globules of fluid visible under the light
microscope. However, with the advent of electron microscopy
many other types of micropinocytosis—such as caveolae and
coated vesicle endocytosis—were revealed (30–32). The term
macropinocytosis is currently employed (instead of simply pinocy-
tosis as was previously used) to designate endocytosis of extra-
cellular fluid in vesicles of a diameter in excess of 0.2 μm (33, 34).
Tetramethylrhodamine-dextran with a hydrated diameter of
200 nm (TMR-dextran 70 kDa) uptake and its inhibition by
amiloride derivatives such as ethylisopropyl amiloride (EIPA)
constitute the modern gold standard for macropinocytosis (34,
35). Activation of Wnt signaling triggered macropinocytosis in a
number of colorectal cancer cell lines with loss of function of
APC (24). In addition, an increase in bacterial phagocytosis and
macropinocytosis into enterocytes was observed, using an in vivo
mouse model of early colorectal cancer involving inducible APC
shRNA (24).
In this study, we present further analysis of our discovery of
Wnt-induced endocytosis and degradation of extracellular pro-
teins in lysosomes (8). The increase in protein uptake was caused
by macropinocytosis, in which circular membrane ruffles ac-
companied by F-actin reorganization folded over large amounts
of extracellular fluid within minutes of Wnt3a treatment. Activity
of PRMT1 and the ESCRT machinery were required for Wnt-
induced macropinocytosis. Endocytic uptake of TMR-dextran
70 kDa was inhibited by EIPA and amiloride (a diuretic com-
monly used in the clinic that inhibits plasma membrane Na+/H+
exchangers). A number of gain-of-function treatments, such as
the overexpression of Dishevelled (Dvl), caused a marked in-
crease of endocytosis and lysosomal degradation of BSA-DQ. In
a loss-of-function situation, Axin or APC siRNA increased
macropinocytosis, in agreement with ref. 24. The colorectal
carcinoma cell line SW480 in which APC is mutated (36, 37), but
not SW480APC in which full-length APC was restored (37),
displayed constitutive macropinocytosis, nuclear β-catenin accu-
mulation, and high levels of extracellular albumin digestion. Nu-
clear β-catenin accumulation in SW480 cells, which is controlled by
Wnt signaling, was inhibited by amiloride, EIPA, and methylation
inhibition. The emerging connection between Wnt signaling, argi-
nine methylation, lysosomal trafficking, and macropinocytosis sug-
gests new therapeutic possibilities to prevent progression of cancers
initiated by activation of the Wnt pathway.
Results
Wnt Treatment Triggers Macropinocytosis in Cultured Cells. Wnt3a
induced large vesicular structures in HeLa cells within 20 min of
addition, and in situ proteinase K protection assays (8) indicated
that these vesicles contained GSK3 sequestered from the cytosol
(Fig. 1 A–D, quantitated in SI Appendix, Fig. S1). Concomitantly,
large rearrangements of cortical F-actin, visualized by phalloidin
staining, took place at the cell cortex, appearing to envelop large
regions of plasma membrane (Fig. 1 E and F, arrowheads).
These structures were reminiscent of the events taking place
during macropinocytosis, which is an actin-driven process that
does not involve clathrin (30, 38). To examine actin remodeling
in real time, we used cells transfected with the F-actin tracer
LifeAct (Gonagen) (Fig. 1 G and H and Movie S1). SW480APC
cells, which responded strongly to Wnt signaling (SI Appendix,
Fig. S2), revealed that Wnt3a induced extensive rearrangements
of filamentous actin at the leading edge lamellipodium, forming
transient membrane ruffles that tended to encircle extracellular
fluid, delimiting large vesicles indicative of macropinocytosis
(Fig. 1H, arrowheads).
To confirm that Wnt indeed induced macropinocytosis,
3T3 cells were treated with TMR-dextran 70 kDa (35) for 1 h.
Wnt3a caused a large increase in dextran uptake, which was
blocked by the Na+/H+ exchanger inhibitor EIPA (Fig. 1 I–L and
SI Appendix, Fig. SID). Importantly, macropinocytosis of TMR-
dextran was independent of new protein synthesis since it also
took place in Wnt-treated cells preincubated with cycloheximide
(SI Appendix, Fig. S3).
We previously reported that PRMT1 was required for Wnt
signaling (8, 13). To determine whether the PRMT1 enzyme
plays a role in macropinocytosis, NIH 3T3 cells were transfected
with previously validated control or PRMT1 siRNA (8). It was
found that PRMT1 depletion blocked Wnt-induced macro-
pinocytosis (Fig. 1 M–P). Taken together, the results indicate
that canonical Wnt rapidly induces cortical actin rearrangements
and macropinocytosis, in a process that requires PRMT1 and is
independent of protein synthesis.
Activation of Wnt Pathway Components Increases BSA Digestion in
Lysosomes. Next, we tested whether activation of the Wnt path-
way increased endocytosis of BSA-DQ independently of the
presence of the ligand. Dishevelled (Dvl) overexpression is an
activator of canonical Wnt signaling (39). HeLa cells transfected
with xDvl-myc (40) contained prominent vesicles of endocytosed
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and digested BSA-DQ, while untransfected cells (outlined by
stippled lines) had only low levels of endocytosis (Fig. 2 A and
B). Overexpression of the Wnt receptor Fz8 (41) also increased
endocytosis of BSA-DQ added to the culture medium of
3T3 cells (Fig. 2 C and D). A very potent activator of Wnt sig-
naling is a fusion protein consisting of the DIX domain of Dvl
fused to the Lrp6 cytoplasmic tail (42). Cells transfected with Dvl
DIX > Ctail-GFP displayed increased BSA endocytic vesicles
(Fig. 2 E and F). This construct has a very useful mutant control
in which changing two amino acids in the DIX domain eliminates
Wnt pathway biological activity and binding to vesicles (39, 42).
Transfected mutant control DIX > Ctail-GFP-M2 was expressed,
but failed to increase endocytosis (compare Fig. 2 E and G), in-
dicating that BSA-DQ endocytosis was specific to Wnt signaling.
Fig. 1. Wnt signaling induces the formation of large vesicles generated by macropinocytosis. (A and B) Phase contrast images of HeLa cells showing that
20 min of Wnt treatment induces the formation of large vesicle-like structures (arrowheads). (C and D) In situ proteinase K protection assay (8) showing that
GSK3, a key enzyme in the Wnt pathway, is translocated from the cytoplasm into large MVBs following Wnt3a treatment for 20 min. (E and F) Wnt3a induces
rearrangement of the cortical F-actin cytoskeleton visualized by phalloidin staining; note that actin surrounds large vesicles 20 min after stimulation of HeLa
cells with Wnt3a. (G and H) Still images from Movie S1 showing that F-actin (visualized with transfected LifeAct) at the leading edge lamellipodium forms
macropinocytotic vesicles within 20 min of treating SW480APC cells with Wnt. (I–L) Wnt induces macropinocytosis in NIH 3T3 cells, assayed by uptake of TMR-
dextran 70 kDa and inhibition with the amiloride derivative EIPA. (M–P) Depletion of the enzyme PRMT1 (which is essential for the activation of the Wnt
pathway), but not control scrambled siRNA (8), blocked macropinocytosis in NIH 3T3 cells. **P < 0.01. (Scale bars, 10 μm.)
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Axin is a component of the destruction complex that normally in-
hibits Wnt signaling. Its overexpression in transfected cells did not
appear to affect endocytosis (Fig. 2 I and J). A dominant-negative
form has been generated by deleting its amino terminal RGS do-
main (Axin-ΔRGS) (43). Cells transfected with dominant-negative
Axin-ΔRGS showed abundant extracellular BSA utilization (Fig. 2
K and L). These experiments, quantitated in Fig. 2M, demonstrate
that activation of the Wnt pathway by multiple mechanisms resul-
ted in increased endocytosis and digestion of BSA in lysosomes.
Loss of Function of APC or Axin Increases Macropinocytosis. To test
in a loss-of-function situation whether the activation of macro-
pinocytosis was a generalized phenomenon, we used knockdown
of Axin or APC using previously validated siRNA reagents (6, 23).
We found that depletion of Axin or APC greatly stimulated mac-
ropinocytosis of TMR-dextran 70 kDa and uptake and degradation
of BSA-DQ in lysosomes in NIH 3T3 cells (Fig. 3 A–D and SI
Appendix, Fig. S4). APC depletion led to the translocation of the
cytosolic enzymes PRMT1 and GSK3 to vesicles in HeLa cells (Fig.
3 E–J), as is known to occur in Wnt3a-treated cells (8).
We next tested whether the colorectal cancer cell line SW480,
which carries loss-of-function mutations in APC, had increased
endocytosis. As a control, we used the SW480APC cells in which
full-length APC was stably restored by Faux et al. (37). Both cell
lines were subjected to the same selection procedures, and
therefore provided an ideal situation since the only difference
between them is the presence or absence of APC. SW480 cells,
but not SW480APC cells, had extremely high constitutive
endocytic activity, becoming engorged with the BSA in lysosomes
within 30 min of BSA-DQ addition (Fig. 3 K–N and Movie S2,
quantitated in Fig. 3S). The amounts of serum proteins utilized
in the absence of APC must be very high since the BSA-DQ
tracer was added at 5 μg/mL, while the 10% serum used in the
culture medium contains 3.5–5 mg/mL of BSA. This indicates
that APC deletion triggers a major shift in nutrient acquisition by
colorectal carcinoma cells. The increased uptake by APC mu-
tation was due to macropinocytosis, as indicated by incubation
for 1 h with TMR-dextran 70 kDA (Fig. 3 O–R, quantitated in
Fig. 3T). These experiments indicate that loss of the tumor
suppressors Axin or APC causes major changes in cell nutrition,
triggering a large increase in macropinocytosis followed by
degradation of extracellular protein in lysosomes.
Fig. 2. Endocytosis and lysosomal degradation of BSA-DQ is increased by transfection of DNA constructs that activate the Wnt pathway. Untransfected cells
serve as controls and are demarcated by a stippled line. (A and B) Fluorescence microscopy images showing that Dvl-myc overexpression increases endocytosis
of BSA-DQ and degradation in HeLa cells (arrowheads); note that the untransfected cell has less BSA-DQ fluorescence than the transfected cell. (C and D)
Overexpressed Wnt receptor Fz8 triggers BSA-DQ endocytosis (arrowheads). (E and F) Transfection of the fusion protein DIX-Lrp6-GFP, a strong activator of
the Wnt pathway, triggered increased BSA-DQ endocytosis (arrowheads). (G and H) The control DIX-LRP6-GFP-M2 mutant, which has two mutations in the
DIX domain of Dvl and is inactive in Wnt signaling (42), did not increase endocytosis. (I and J) Axin, an inhibitor of the Wnt pathway, did not affect en-
docytosis. (K and L) Dominant-negative Axin ΔRGS increased endocytosis of BSA-DQ (arrowheads). (M) Quantification of the activation of Wnt signaling by
overexpression of a multiple-transfected DNA construct. Fluorescence per cell was quantified, as described inMaterials and Methods analyzing a minimum of
25 transfected cells per condition. Untransfected NIH 3T3 cells are indicated by the minus (−) label. The M2 mutant DIX-Lrp6Ctail-M2 and Axin wild-type serve
as negative controls that did not increase Wnt signaling nor endocytosis. (Scale bars, 10 μm.)
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The ESCRT Machinery Is Required for Macropinocytosis and β-Catenin
Nuclear Localization in APC Mutant Cells. Canonical Wnt signaling
requires the sequestration of GSK3 in the intraluminal vesicles
of MVBs/late endosomes. Treatments that interfere with the
ESCRT machinery block β-catenin stabilization and Wnt sig-
naling (6). To test whether the ESCRT machinery was required
for Wnt-induced macropinocytosis, we used a dominant-negative
form of the Vps4 ATPase caused by a point mutation (Vps4-EQ)
that inhibits MVB formation (44). SW480 cells transfected with
wild-type Vps4-WT-GFP had unchanged uptake of TMR-dextran
70 kDa (Fig. 4 A–C, transfected cell indicated by a stippled rect-
angle), whereas macropinocytosis was inhibited in cells transfected
with Vps4-EQ-GFP (Fig. 4D–G, compare transfected cells in Fig. 4
A and D). This indicates that MVBs/late endosomes are required
for the trafficking of macropinosomes.
SW480 cells, in which Wnt is constitutively active, have high
levels of β-catenin. While Vps4-WT-GFP did not affect β-catenin
levels, Vps4-EQ-GFP transfected cells had greatly reduced nu-
clear and cytoplasmic β-catenin levels (Fig. 4 H–N, compare
stippled rectangles in Fig. 4 H and K). When the transfection
efficiency of SW480 cells was optimized (by starving the cells
from serum for 12 h followed by transfection with Lipofectamine
3000), the decrease in β-catenin levels caused by ESCRT in-
hibition was also detected in Western blots (Fig. 4O). We con-
clude that MVB formation, which is integral to Wnt signaling, is
required both for macropinocytosis and for nuclear β-catenin
accumulation in APC mutant cells.
Inhibition of Macropinocytosis May Provide New Therapeutic
Opportunities. SW480 cells have robust macropinocytosis and
nuclear β-catenin localization (Fig. 5A) caused by the loss of
APC. As shown earlier, Wnt-induced macropinocytosis of TMR-
dextran 70 kDa required the activity of the Na+/H+ exchanger
(Fig. 1 I–L). SW480 cells have very high constitutive plasma
membrane motility, which was decreased by the amiloride de-
rivative EIPA (Movie S3). We found that nuclear β-catenin
levels were significantly reduced in SW480 colorectal cancer
cells after 2 h of treatment with 40 μM EIPA or 2 mM amiloride
Fig. 3. Loss of function of the tumor suppressors Axin or APC trigger macropinocytosis of high molecular weight TMR-dextran 70 kDa, GSK3 and
PRMT1 translocation to vesicles, and increased degradation of extracellular BSA protein in lysosomes. (A–D) Depletion of Axin or APC with siRNA triggered an
increase in macropinocytosis marked by TMR-dextran 70 kDa in NIH 3T3 cells. Note that although Axin and APC are components of the β-catenin destruction
complex, they also function as repressors of macropinocytosis. (E–J) APC induces localization of PRMT1 and GSK3 in vesicles in HeLa cells; GSK3 and
PRMT1 sequestration are essential steps in canonical Wnt signaling. (K–N) Still images from Movie S2 showing that the colon cancer cell line SW480 had high
BSA-DQ utilization within 30 min of addition, which was greatly reduced when full-length APC was restored in an isogenic cell line (SW480APC). (O–R) Similar
experiment using the macropinocytosis tracer TMR-dextran 70 kDa. (S) Quantification of BSA-DQ digestion per SW480 or SW480APC cell. (T) Quantification of
macropinocytosis of TMR-dextran 70 kDa in SW480 cells and its inhibition by restoration of APC. **P < 0.01. (Scale bars, 10 μm.)
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(Fig. 5 A–F, nuclear/cytoplasmic ratios quantitated in Fig. 5G).
Since Wnt-induced macropinocytosis requires PRMT1, we also
tested whether the constitutive nuclear localization of β-catenin
was affected by the competitive methylation inhibitor adenosine-
2′,3′-dialdehyde (Adox) (45). After incubation with 20 μM Adox
for 24 h, a marked decrease in nuclear β-catenin levels was ob-
served in SW480 cells (Fig. 5H and SI Appendix, Fig. S5). Finally,
we examined β-catenin transcriptional activity using β-catenin
activated reporter (BAR) Luciferase/Renilla reporter assays.
Treatment with the Na+/H+ exchanger inhibitors EIPA or ami-
loride inhibited Wnt signaling activity in transiently transfected
SW480 cells (Fig. 5I). In addition, Wnt3a signaling in HEK293T
cells stably expressing BAR and Renilla reporters (8) was
inhibited by EIPA or amiloride (Fig. 5J). These findings are of
potential medical interest as amiloride has been used as a
human diuretic for decades, and new PRMT1 inhibitors are
being developed (46).
Discussion
Wnt Signaling and Macropinocytosis. This study was prompted by
our observation that Wnt treatment induced a rapid increase in
the endocytosis and degradation of BSA-DQ in lysosomes (8).
The large size of the vesicular structures formed (>200 nm)
suggested the induction of macropinocytosis and rapid traffick-
ing into the endosomal machinery. It was found that the actin
cytoskeleton at the leading edge of cultured cells displayed Wnt-
induced rearrangements with circular ruffling membranes sug-
gesting macropinocytosis. We confirmed that macropinocytosis
was indeed rapidly increased by Wnt3a using high molecular
weight TMR-dextran 70 kDa and blocking its uptake by a Na+/H+
exchanger inhibitor EIPA (35). Macropinocytic vesicles matured
into MVBs/late endosomes that sequestered cytosolic GSK3 and
PRMT1 by microautophagy, which are required for canonical Wnt
signaling (6, 8). Overexpression of multiple activators of the Wnt
Fig. 4. The ESCRT machinery protein Vps4 is required for macropinocytosis and β-catenin nuclear accumulation in SW480 colorectal carcinoma cells. Vps4 is
an ATPase, and the point mutation Vps4-EQ serves as a dominant-negative that prevents ESCRT machinery from recycling, therefore blocking micro-
autophagy in late endosomes (44). (A–C) SW480 cells were transfected with Vps4-GFP and treated with the macropinocytosis marker TMR-dextran for 1 h;
note that the cell which was transfected (indicated by a stippled square) had normal amounts of macropinocytosis. (D–F) Overexpression of dominant-
negative Vps4-EQ blocked macropinocytosis of TMR-dextran, indicating that the ESCRT machinery function is required for macropinocytosis. (G) Quantifi-
cation of the inhibitory effect of blocking the ESCRT machinery in transfected SW480 cells. (H–J) The SW480 cell line presents strong constitutive β-catenin
staining that was unaffected by the overexpression of Vps4 (transfected cells indicated by stippled boxes). (K–M) Levels of β-catenin were greatly reduced in
SW480 cells transfected with the dominant-negative Vps4-EQ (indicated by rectangles), but not in untransfected cells. (N) Quantification of the effect on
β-catenin levels of blocking the ESCRT machinery in transfected cells. (O) Western blot showing that endogenous levels of β-catenin were reduced in
dominant-negative Vps4-EQ transfected SW480 cells; actin serves as a loading control. **P < 0.01. (Scale bars, 10 μm.)
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pathway—such as Dishevelled, Fz8, Dvl DIX > Ctail-GFP and
dominant-negative Axin-ΔRGS—strongly induced BSA-DQ en-
docytosis and degradation in lysosomes. Knockdown of Axin1 or
APC, proteins that normally repress Wnt/β-catenin signaling, also
increased macropinocytosis. The SW480 colorectal cancer cell line,
which has APC mutations (37) was very active in macropinocytosis
and subsequent lysosomal BSA degradation, and these activities
were suppressed by restoration of full-length APC. From these
results canonical Wnt emerges as a major regulator of extracellular
nutrient acquisition and digestion in lysosomes.
As this work was in progress, two other studies appeared that
strongly supported the role of Wnt in endocytosis regulation.
APC knockdown caused Lrp6 internalization and Wnt signaling
via a clathrin-mediated pathway (23). In another study, it was
found that siRNAs that increased Wnt signaling—such as DKK1,
Kremen1, Naked1, APC, and Axin1—promoted phagocytosis and
macropinocytosis (24). Macropinocytosis and phagocytosis are
evolutionarily conserved processes (28). Importantly, it was also
shown in an in vivo mouse colon cancer model that bacterial
uptake into enterocytes is increased by APC shRNA and blocked
by EIPA (24). Translocation of bacterial microbiota into co-
lorectal tumors, with its resulting inflammation, has been pro-
posed to promote oncogenesis (47). The results presented here
fundamentally agree with refs. 23 and 24, and extend their
findings. We now show that arginine methylation by PRMT1 is a
regulator of macropinocytosis, that the ESCRT machinery is
required for macropinocytosis, that Wnt3a triggers macro-
pinocytosis within minutes in the absence of new protein synthesis,
and that amiloride inhibits the constitutive nuclear β-catenin ac-
cumulation specifically caused by APC mutation in a colorectal
cancer cell line.
The mechanism by which loss of function of the β-catenin
destruction complex components APC and Axin1 trigger mac-
ropinocytosis remains a mystery. APC binds to the plus end of
Fig. 5. Inhibitors of macropinocytosis or methylation decrease constitutive nuclear β-catenin accumulation in the colorectal cancer cell line SW480. (A–F) A
marked reduction in nuclear β-catenin levels was caused by inhibiting macropinocytosis with EIPA or amiloride for 2 h. These agents inhibit macropinocytosis
by blocking the plasma membrane Na+/H+ exchanger, resulting in acidification of cortical cytoplasm and inhibition of actin remodeling; amiloride is a diuretic
that has been used in humans for over 50 y. (G) Quantification of β-catenin nuclear to cytoplasmic ratios, which were significantly reduced by EIPA or
amiloride treatment (Materials and Methods). (H) Nuclear/cytoplasmic of β-catenin ratios were significantly reduced in SW480 cells treated with the meth-
ylation inhibitor Adox; corresponding immunofluorescence images are shown in SI Appendix, Fig. S5. (I) EIPA or amiloride treatment inhibited BAR Luciferase/
Renilla activity in transiently transfected SW480 cells. (J) The macropinocytosis inhibitors EIPA or amiloride reduced Wnt3a signaling in HEK293T cells stably
transfected with BAR/Renilla reporters. **P < 0.01. (Scale bars, 10 μm.)
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microtubules at the leading edge or lamellipodium of the cell
(25, 48). During macropinocytosis, actin-driven circular ruffles
appear and enclose extracellular fluid. Wnt signaling is a
receptor-mediated process that requires binding Lrp6 and Fz
(1). Endocytosis of the receptor complex occurs either through
caveolin or clathrin micropinocytosis (49, 50). In the case of
APC knockdown, it is clear that receptor-mediated endocy-
tosis is entirely dependent on clathrin-mediated endocytosis
(23). However, macropinocytosis is a clathrin-independent
process (30).
In the model depicted in Fig. 6, we propose that Lrp6/Fz/Wnt/
Dvl signalosomes (4) are first internalized by receptor-mediated
micropinocytosis and that this, by an as yet unknown molecular
mechanism, subsequently triggers actin polymerization, mem-
brane ruffling, and macropinocytosis. Both types of vesicles
rapidly coalesce into common MVBs that sequester GSK3 and
PRMT1 and traffic ingested extracellular macromolecules into
lysosomes. Growth factor-induced macropinocytosis can be
traced back to classical studies by Cohen and coworkers (51) with
ferritin-labeled epidermal growth factor (EGF). EGF receptor-
mediated endocytosis took place initially via coated pits and
micropinocytic-coated vesicles of less than 100 nm that were
rapidly incorporated into the intraluminal vesicles of MVBs by
microautophagy (51). In addition, EGF stimulated a transient
population of large macropinocytic vesicles of 200–1,000 nm that
engulfed large amounts of horseradish peroxidase (HRP) by
nonreceptor-mediated endocytosis and lasted for only 15 min
(52). The macropinocytic vesicles then fused with the coated
vesicle-derived MVBs (51, 52). Since these groundbreaking
findings, a large number of receptor tyrosine kinases (RTKs)
have been found to transiently activate macropinocytosis when
stimulated (30, 53).
Wnt in Metabolism and Cancer. Macropinocytosis provides an ef-
ficient way of obtaining nutrients through the degradation of
concentrated packages of amino acids in the form of proteins
and sugars from glycosylated proteins. The concentration of
protein building blocks in plasma is much greater than that of free
amino acids (54). Macrophages, in which macropinocytosis is con-
stitutive, drink prodigious amounts of fluid, of up to one-third of
the cell volume per hour (29). Therefore, if macropinosome con-
tents were efficiently channeled into lysosomes by Wnt, large
amounts of nutrients should become available (ref. 8, this study).
In pancreatic cancers with activating mutations of the Kras on-
cogene, a key feature is that metabolism is reprogrammed by
constitutive macropinocytosis (34, 54). It is also known that ca-
nonical Wnt signaling induces a shift toward aerobic glycolysis,
known as a Warburg effect, through β-catenin transcriptional in-
duction of pyruvate dehydrogenase kinase 1 (55, 56). Glycolytic
metabolism is maximal in the crypts of the intestine, where stem
cells reside (57). Wnt signaling is high in intestinal stem cells and,
interestingly, PRMT1 levels are also high (1, 58). Glycolytic me-
tabolism is a well-known hallmark of cancer (59) and it is possible
that macropinocytosis by Wnt pathway or Ras-activating mutations
will contribute to this effect. Whether glucose levels ingested by
macropinocytosis would be sufficient to significantly affect metab-
olism remains unknown. In the case of the amoeba Chaos chaos,
which does not have significant glucose membrane transporters,
induction of macropinocytosis intriguingly results in increased ra-
dioactive glucose consumption (60). Together with its effect on cell
growth and protein stabilization (Wnt-STOP) (9, 61), canonical
Wnt signaling is emerging as a major regulator of nutrient acqui-
sition with particular relevance to stem and cancer cell biology.
As indicated in Fig. 6, the flux of plasma membrane triggered
by macropinocytosis may help propel the rapid increase in MVB
formation after Wnt3a treatment, reported previously (8). We
can also expect that during the progression of tumors initiated by
Wnt pathway activation there may be synergistic effects at the
level of macropinocytosis with other oncogenic mutations—such
as Ras, RTKs, PI3K, and loss of PTEN (62–64), which might be
targeted by amiloride. In conclusion, basic studies in the cell
biology of Wnt signaling implicating macropinocytosis, PRMT1,
and the ESCRT machinery suggest possible therapeutic avenues
for Wnt-driven diseases.
Fig. 6. Model of the effects of the growth factor Wnt in receptor-mediated endocytosis (micropinocytosis) and in receptor-independent endocytosis of
proteins from extracellular fluids (macropinocytosis). The Wnt coreceptors Lrp6 and Fz are incorporated into receptor-mediated small microendocytic vesicles,
triggering an as yet unknown signal that causes actin cytoskeleton remodeling in the lamellipodium at the leading edge of the cell, forming membrane
ruffles and macropinocytic cups that engulf large amounts of the surrounding liquid. Both types of endosomes fuse into common MVBs/late endosomes that
contain GSK3 and PRMT1 and require the ESCRT machinery for their formation. In the presence of Wnt, BSA incorporated by macropinocytosis is channeled to
degradation in lysosomes, providing a source of nutrition for cells in which Wnt signaling is activated. The recycling of membrane from macropinocytic
vesicles may help drive the considerable increase in microautophagy observed in MVBs/late endosomes shortly after Wnt treatment (8).
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Materials and Methods
Antibodies and Reagents. Antibody against GSK3 was obtained from BD
Biosciences (610201) and used for immunostaining (1:500) and Western blot
(1:1,000); β-catenin mouse monoclonal was from Santa Cruz Biotechnology
(sc-7963, 1:1,000); PRMT1 mouse monoclonal antibody was from Santa Cruz
(sc-59648, 1:500); and actin antibody was from Santa Cruz Biotechnology (sc-
58673, 1:1,000). Secondary antibodies coupled to infrared dyes [IRDye 680
(926-68072) and IRDye 800 (926-32213)] at 1:3,000 (LI-COR) were used for
Western blots and analyzed with the LI-COR Odyssey System. Secondary
antibodies for immunostaining (1:500) were from Jackson ImmunoResearch
Laboratories, Inc (715546150, 711166152) (8). LifeAct plasmid DNA was
purchased from Gonagen to visualize the F-actin cytoskeleton. To measure
fluid-phase uptake through macropinocytosis, TMR-dextran 70 kDa, lysine
fixable, was used (D1818; Thermo Fisher Scientific) at 1 mg/mL. To measure
lysosomal proteolytic activity, BSA-DQ (D-12051, Thermo Fisher Scientific)
was used at 5 μg/mL. The siRNA targeting Axin1 ON-TARGETplus SMARTpool
was from Thermo Fisher Scientific L-009625 (6). APC was depleted using a
mixture of two siRNAs (23). The arginine methyl-inhibitor Adox was from
MilliporeSigma (A7154; 20 μM). Wnt3a protein was purchased from Pepro-
Tech (315-20) and used at 100 ng/mL. Inhibitors of macropinocytosis were
obtained from Sigma-Aldrich: 5-(N-ethyl-N-isopropyl) amiloride (A3085) and
amiloride hydrochloride (BP008). The optimal concentrations for inhibition
of macropinocytosis in cultured cells have been determined previously to be
2 mM for amiloride (65) and 40 μM for EIPA (35) and were the concentra-
tions used here. We tested cell viability up to 4 mM amiloride or 80 μM EIPA
using a Vi-Cell Beckman-Coulter Viability Analyzer in HEK293 cells and found
no effect on cell viability after 24 h.
Tissue Culture and Transfection. HeLa (ATCC, CRL-2648) or NIH 3T3 were
cultured in DMEM supplemented with 10% FBS (Gibco), 1% penicillin/
streptomycin, and 1% glutamine. SW480 and SW480APC were grown in
DMEM F-12 supplemented with 5% FBS, antibiotics, and 2 mM glutamine.
Cells were cultured at 37 °C in 5% CO2. DNA constructs were transfected with
Lipofectamine 3000 for 24 h. For RNAi depletion experiments, cells were
transfected with siRNA 72 h earlier.
Immunostainings and Western Blots.HeLa, NIH 3T3, SW480, or SW480APC cells
were grown on circular coverslips, fixed with 4% paraformaldehyde (Sigma,
P6148) for 15 min, permeabilized with 0.2% Triton X-100 in Dulbecco’s PBS
(DPBS) (Gibco) for 10 min, and blocked with 5% goat serum and 0.5% BSA in
DPBS for 1 h. Primary antibodies were added overnight at 4 °C. Slide chambers
were washed 10 min three times with DPBS, and secondary antibodies applied
for 1 h at room temperature. After three additional washes with DPBS,
chambers were removed and coverslips mounted with Fluoroshield Mounting
Medium with DAPI (ab104139). Immunofluorescence was analyzed and pho-
tographed using a Zeiss Imager Z.1 microscope with Apotome. For Western
blots, cells were lysed with RIPA buffer containing 0.1% Nonidet P-40, 20 mM
Tris/HCl pH 7.5, 10% glycerol, together with protease (Roche, 04693132001)
and phosphatase inhibitors (Calbiochem, 524629).
Image Quantification of Endocytosis and Macropinocytosis. Vesicle quantifi-
cation by light microscopy of differential interference contrast (DIC) mi-
croscopy was performed, as previously described (8). In short, the number of
vesicles above a diameter of 200 nm were quantified between experimental
conditions using a combination of Zeiss (Zen) imaging software for size
measurement and ImageJ for vesicle number counts using the particle
counting computer-assisted program (8, 66). Thresholds were set for the DIC
channels using MaxEntropy in the FIJI ImageJ software package and indi-
vidual vesicles were distinguished using the binary watershed function.
Particle function was applied to count number of vesicles 0.2–7 μm, circu-
larity −1. Total number of cells counted was always more than 20 cells per
experimental condition, with triplicate experiments. The sequestration of
PRMT1 and GSK3 into vesicles was quantified as the colocalization using
Pearson’s correlation as these cytosolic proteins colocalized following Wnt-
induced vesicle incorporation (8). Pearson’s correlation coefficients were
calculated using ImageJ software colocalization between two different
channels with an n > 20 cells per condition, and experiments carried out in
triplicate. For quantitatively analyzing BSA-DQ or TMR-dextran 70 kDa en-
docytosis, fluorescence was quantified in control versus treated cells using
ImageJ software analyses with an n > 25 cells per condition. Fluorescence
intensity was normalized in images compared in each condition and results
from three or more independent experiments were presented as the mean ±
SEM. β-Catenin nuclear localization was used as a surrogate marker for Wnt
signaling activity, as it accumulates in the nucleus specifically after Wnt ac-
tivation. To quantify nuclear β-catenin localization in cells treated with
macropinocytosis inhibitors (EIPA and amiloride) or methyltransferase in-
hibitor (Adox), the first step counted the total number of cells in each
condition. Next, fluorescence intensities were determined using a normal-
ized ratio of nuclear β-catenin to cytoplasmic β-catenin. This ratio was
quantified with a minimum of 25 cells per condition in triplicate samples.
Protease Protection Assay. MVB sequestration of GSK3 and PRMT1 was de-
termined using the in situ protease protection assays as described previously
(8). Cultured cells were first grown on coverslips for 24 h and treated with
either Wnt3a or control medium. Subsequently, cells were placed on ice to
stop endocytosis, washed twice with PBS, and permeabilized for 15–30 min
in PBS containing 6.5 μg/mL digitonin. Next, cells were washed with PBS
while still on ice and incubated with proteinase K (1 μg/mL) for 10 min to
degrade proteins that were not sequestered in vesicles. Permeabilization
with Triton X-100 was used as a control as described (8). To stop the reaction,
cells were fixed in 4% PFA and analyzed by immunofluorescence.
Flow Cytometry. Cells at 70% confluency were treated with 1 mg/mL TMR-
dextran diluted in prewarmed medium and incubated at 37 °C for 1 h.
Cells were trypsinized, fixed in suspension with 4% (wt/vol) PFA for 15 min at
room temperature, washed with DPBS, and analyzed in an LSR II flow
cytometer (BD Biosciences), using the FCS Express 6 Plus (BD Biosciences)
program. Fluorescence of TMR was detected by excitation at 555 nm and
emission at 580 nm using the yellow-green detector.
Luciferase Assays. SW480 cells were plated on 24-well plates at 70% con-
fluency and transfected with 1 μg of BAR DNA and 0.05 μg of Renilla reporter
DNA (generous gifts from R. Moon, University of Washington, Seattle). Cells
were incubated 24 h after transfection with EIPA (40 μM), amiloride (2 mM),
or DMSO carrier for 2 h. Experiments were also performed with a Wnt3a-
treated stably transfected HEK293T cell line (8) incubated with EIPA or
amiloride for 8 h. Luciferase activity was measured with the Dual-Luciferase
Reporter Assay System (Promega) according to manufacturer’s instructions,
using the Glomax Luminometer (Promega). Luciferase values of each sample
were normalized with Renilla activity.
Statistical Analyses. Statistical analyses of computer-assisted particle analyses
were performed using two-tailed t tests for two-sided comparisons, where
statistical significance was defined as follows: *P < 0.05, **P < 0.01, and
***P < 0.001.
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